The recent high-resolution neutron and synchrotron diffraction measurements by Fauth et al. ͓Phys. Rev. B 65, 060401͑R͒ ͑2002͔͒ demonstrated the existence of an intermediate spin state in half-doped La 1/2 Ba 1/2 CoO 3 which is accompanied by a long-range tetragonal Jahn-Teller distortion. In this paper we find that the charge uniform ferromagnetic intermediate spin state strongly couples to the Jahn-Teller effect and is stable only at moderate distortion of 1%. While the calculated magnetic moment of this state is in agreement with the experimentally measured one, the corresponding orbital ordering is the nearest-neighboring alternating d 3x 2 -r 2 /d 3y 2 -r 2, instead of the observed uniform d 3z 2 -r 2 orbital ordering. A calculation is carried out using the self-consistent unrestricted Hartree-Fock approximation on a realistic multiband d-p Hubbard Hamiltonian and a generalized Jahn-Teller coupling model, in which all possible spin-, charge-, and orbital-ordered states are considered.
I. INTRODUCTION
Electrons in solids carry information about spin, charge, and orbital degrees of freedom. Not all degrees of freedom are active for a given compound due to the valence state of the atoms and the crystal structure involved. In this respect, manganese-based perovskite compounds belong to a special class of materials since the interplay among spin, charge, and orbital degrees of freedom results in rich electronic and magnetic properties, among which colossal magnetoresistance is of particular importance since it has numerous applications in magnetic sensor and memory related devices.
1,2 Similar to manganese-based perovskite compounds, cobalt-based perovskite compounds are another interesting class of materials. [3] [4] [5] Because the Hund's coupling constant J H and the crystal-field splitting 10Dq are very close to each other, the exact spin state of cobalt ions depends on the crystal structure, the temperature, and the divalent doping concentration. For example, the ground state of LaCoO 3 is well known to be a nonmagnetic insulator, and Co 3ϩ ions take a low spin state ͑LS, t 2g 6 e g 0 ) at low temperatures. [3] [4] [5] [6] [7] [8] As the temperature increases, the compound changes from a lowspin state into a paramagnetic state with a broad increase in magnetic susceptibility around 90 K. The change in magnetic properties is generally attributed to the spin-state transition of Co 3ϩ ions. Up to now, there has existed a controversy concerning the high-temperature spin state: the high spin state ͑HS, t 2g 4 e g 2 ), intermediate spin state ͑IS, t 2g 5 e g 1 ), and a superposition of HS and LS spin states are all proposed. [9] [10] [11] In addition to the temperature influence, the spin state of Co ions depends also sensitively on the valence state of Co ions, which can be varied by substituting the trivalent rareearth atoms ͑La͒ by divalent alkaline atoms such as Ba, Sr, etc. The appearance of Co 4ϩ ions makes the magnetic phase diagram even more complex since charge ordering may take place. Also the existences of intermediate and high spin states makes some of these Co ions Jahn-Teller active, i.e., they can couple strongly to local lattice distortions, which in turn affects the orbital ordering in these compounds. In fact, such phenomena were recently demonstrated by several groups through neutron-diffraction measurements. It was found that La 1Ϫx Sr x CoO 3 ͑Ref. 12͒ is a nonmagnetic insulator at very low Sr doping concentration, and with increasing doping the compound first changes to a spin-glass phase and then to a spin-cluster-glass phase. Eventually, when x Ͼ0.18, the system becomes a ferromagnetic metal. As for the spin states of Co 3ϩ and Co 4ϩ ions, an earlier study conducted by Sathe et al. 13 argued that Co 3ϩ ions are in a mixed HS-LS state and Co 4ϩ in a low spin state ͑LS, t 2g 5 e g 0 ) in the ferromagnetic region 0.2рxр0.5. Taguchi et al.
14 also suggested that Co 3ϩ ions are in a HS state for 0.5рxр0.9. Motivated by the complex phase diagram of R 1/2 A 1/2 MnO 3 (Rϭtrivalent rare earth elements, A ϭdivalent alkaline elements͒, several studies recently concentrated specifically on half doped R 1/2 A 1/2 CoO 3 compounds. [15] [16] [17] It was found that electronic and magnetic properties depend very much on the detailed crystal structures of compounds. For small ionic radii of R ions, the large bond angle reduces the effective hopping between Co ions and induces a charge-ordering-related metal-insulator transition at low temperatures. However, for large ionic radii such as La, the crystal is nearly cubic and no charge ordering occurs. 15 Similar phenomena were also observed by Troyanchuk et al. in their magnetization measurement, 16 which indicated that the Co ions are in an IS state in La 1/2 Ba 1/2 CoO 3 and in a LS state for R with small ionic radii. Very recently, more accurate results on La 1/2 Ba 1/2 CoO 3 were unveiled by the high-resolution neutron and synchrotron powder diffraction measurement. 17 This study showed that La 1/2 Ba 1/2 CoO 3 has an ideal cubic crystal structure at room temperature. The compound experiences a structural phase transition from an ideal cubic crystal to a tetragonal one, and is accompanied by a magnetic phase transition from a paramagnetic to a ferromagnetic phase when the temperature approaches T C ϳ180 K. There is no charge ordering in space and the spin state is identified as the IS state. The Jahn-Teller-active IS ions are believed to be responsible for the lattice distortion at low temperatures.
Unlike the much studied manganese based perovskite compounds R 1Ϫx A x MnO 3 , only a few theoretical studies on cobalt-based perovskite compounds R 1Ϫx A x CoO 3 were done, and most of them concentrated on the undoped LaCoO 3 . In the parameter range relevant to the compound, the HS-IS-FM state is found to be the ground state, being in agreement with previous calculation. 18 However, the HS-IS-FM state becomes unstable when Jahn-Teller distortion is introduced, and it is replaced by a charge uniform IS-FM state. The magnetic moment of IS-FM state is also consistent with the measured magnetic moment ϳ1.9 B . A detailed energy comparison among different Jahn-Teller distortion modes, nevertheless, shows that the Jahn-Teller distortion type with alternating d 3x 2 -r 2 /d 3y 2 -r 2 orbital ordering has the lowest energy.
The rest of the paper is organized as follows. In Sec. II, we introduce the multiband d-p lattice model and the unrestricted Hartree-Fock approximation. Then the real-space recursion method is briefly outlined. In Sec. III, we present numerical results for several stable spin-and charge-ordered states, and discuss the influence of Jahn-Teller distortion on the half-doped La 1/2 Ba 1/2 CoO 3 . Conclusions are drawn in Sec. IV.
II. MULTIBAND HUBBARD MODEL AND GENERALIZED JAHN-TELLER COUPLING
The multiband Hubbard model used in our calculation contains the full degeneracies of Co-3d and O-2p orbitals as well as on-site Coulomb repulsion and Hund's exchange interaction:
and p jn (p jn † ) denote the annihilation ͑creation͒ operators of an electron on Co-d at site i and on O-p at site j, respectively, and dm 0 and p are their corresponding on-site energies; m and n represent the orbital index and denotes the spin. The crystal-field-splitting is included in dm 
ͪͬͮ .
͑3͒
The three Jahn-Teller modes Q 1 , Q 2 , and Q 3 are related to the displacements of oxygen atoms along a, b, and c axes via . Ze is the effective charge of O ions and a 0 is the lattice constant. Only Q 2 and Q 3 are relevant Jahn-Teller modes to the half-doped La 1/2 Ba 1/2 CoO 3 . It is convenient to define the magnitude Q and angle ␣ through Q 2 ϭQ sin ␣ and Q 3 ϭQ cos ␣; then ␣ϭ0, 2/3,Ϫ2/3 correspond to the JahnTeller distortion axis along c, a, and b axes.
For the effective single-particle Hamiltonian discussed above, the density of states can be easily calculated using the real-space recursion method, 21 and the Green's function is expressed as
The recursion coefficients a i and b i are computed from the tridiagonalization of the tight-binding Hamiltonian matrix for a given starting orbital. A multiband terminator 22 is chosen to close the continuous fractional. We have computed all possible spin state combinations between Co 3ϩ and Co 4ϩ ions in an enlarged double cell, with 25 levels being calculated for each of the 56 independent orbitals. Our results have been checked for different levels to secure the energy accuracy better than 5 meV. The whole procedure is iterated self-consistently until convergence and the density of states is obtained by ms ()ϭϪ(1/)ImG ms (), which allows us to compute the electron numbers and magnetic moments as well as the total energies of all ordered states.
III. NUMERICAL RESULTS AND DISCUSSIONS
The band-structure parameters of La 1/2 Ba 1/2 CoO 3 used in this paper come from the cluster model analysis of the photoemission spectra 4, 6 and the ab initio local-spin-densityapproximation calculations. 23 The Slater-Koster parameters are taken as (pd)ϭϪ2.0 eV, (pd)ϭ0.922 eV, (pp) ϭ0.6 eV, and (pp)ϭϪ0. ). 24 For reference, we first study the electronic structures and their corresponding energies in the absence of Jahn-Teller distortion. Since both Co 3ϩ and Co 4ϩ ions have three possible spin-states, there are totally nine nearest-neighbor ferromagnetically ordered states and six nearest-neighbor antiferromagnetically orderd states in a double cell. The selfconsistent Hartree-Fock iteration shows that only five of them are convergent; they are HS-IS-FM, charge uniform IS-FM, LS-LS-FM, HS-IS-AFM ͑antiferromagnetic͒, and IS-IS-AFM. The energies of these five ordered states are presented in Fig. 1 (Dqϭ0.16 eV) . 18 As Jahn-Teller distortion does exist in this half-doped compound, the coupling between the JahnTeller active IS Co 3ϩ ions, and lattice distortion should not be neglected.
In this paper, we have considered the following three different types of Jahn-Teller distortion modes between the nearest neighbor pairs of CoO 6 octahedra. The ͓0,0͔ mode stands for a uniform elongation of all CoO 6 octahedra along the c axis; ͓0,͔ for the alternate elongation and contraction of neighboring CoO 6 octahedra along the c axis; and ͓2/3,Ϫ2/3͔ for the alternate elongation of neighboring CoO 6 octahedra along a and b axes, respectively. The corresponding nearest-neighbor orbital orderings are ͓d 3z 2 -r 2, d 3z 2 -r 2͔ , ͓d 3z 2 -r 2, d x 2 -y 2͔ , and ͓d 3x 2 -r 2, d 3y 2 -r 2͔ , respectively. Note that all the Jahn-Teller modes discussed above conserve the cell volume. While the first mode involves a symmetry breaking from a cubic lattice to a tetragonal lattice, the other two modes mainly cause cell doubling. It should be emphasized that the third mode in the planar version plays an important role for stabilizing the A-type antiferromagnetic phase in LaMnO 3 . 25 Similar to the Mn 3ϩ ions in a LaMnO 3 compound, Co 3ϩ ions in the IS state also have one electron in the e g orbitals. One expects that the same Jahn-Teller distortion may also stabilize the IS state. Thus we have calculated the energy of the charge uniform IS state in the presence of the above three Jahn-Teller modes. The results are shown in Fig. 2 . Being consistent with the physical intuition, the IS state does lower its energy as a function of (d a Ϫd s )/d a , with d a and d s denoting the average and short Co-O bond lengths, respectively. However, our result shows that the third Jahn-Teller distortion mode has the strongest impact on the IS state, just as the case in the undoped LaMnO 3 system. The IS state with the third JahnTeller mode is characterized by the nearest neighbor ͓d 3x 2 -r 2, d 3y 2 -r 2͔ orbital ordering. In fact, our conclusion also follows from the Goodenough-Kanamori rule. 26, 27 The rule states that the singly occupied double-degenerate orbitals, such as e g orbitals, tend to favor ferromagnetic coupling, and the coupling is strongest when the effective hopping between neighboring occupied and unoccupied orbitals is maximized. The ͓2/3,Ϫ2/3͔ Jahn-Teller mode offers just the desired configuration.
With the above conclusion in mind, we again computed the three most stable spin states in (Dq,J H ) space in the presence of the ͓2/3,Ϫ2/3͔ Jahn-Teller distortion mode. The phase diagram is presented in Fig. 3 , with the distortion size set as (d a Ϫd s )/d a ϭ0.01. Without surprise, the unstable charge uniform IS-FM state ͑Fig. 1͒ in the absence of JahnTeller distortion is now stabilized in the parameter region relevant to the half-doped compound (Dqϭ0.16 eV). This is because the singly occupied e g electron benefits from such distortion, while electrons in the HS and LS states do not. Comparing Figs. 3 and 1 , our results also indicate that a spin-state transition might occur from the IS state to the HS-IS state as the temperature increases, because the crystalfield splitting usually decreases while Hund's coupling is essentially an atomic quantity which is insensitive to the temperature. The detailed magnetic susceptibility measurement in broader temperature region can be used to check whether such a spin-state transition exists. In Fig. 4, both 
IV. CONCLUSION
In summary, various spin states of Co 3ϩ and Co 4ϩ ions of La 1/2 Ba 1/2 CoO 3 are calculated using the Hartree-Fock approximation and the real-space recursion method. The roles of different Jahn-Teller modes on these spin states are explored. Our results show that only HS-IS-FM, charge uniform IS-FM, and LS-LS-FM states can be the ground state. The charge uniform IS-FM state is unstable in the parameter region relevant to half-doped compounds if the Jahn-Teller distortion is absent. However, the IS Co 3ϩ ions are strongly coupled to the Jahn-Teller modes, and are indeed stabilized by a reasonable size of distortion. It is also seen in our calculation that the ͓2/3,Ϫ2/3͔ Jahn-Teller mode with d 3x 2 -r 2 /d 3y 2 -r 2 orbital ordering is the most favorable one, which appears to be inconsistent with the experimental observation though it agrees with the general GoodenoughKanamori rule. Note that previous experiments 29, 30 only observed a local tetragonal distortion, which is not in conflict with our conclusion.
